Abstract: A simulation method of speed control based on the load characteristic of the permanent magnet direct-driven system is presented for mining scraper conveyor. Firstly, the mathematical model of permanent magnet synchronous motor (PMSM) is established based on the coordinate transformation theory. Subsequently, the closed loop speed controller of permanent magnet direct-driven systems is designed on the basis of sliding mode control theory and motor model. The chain characteristics of scraper conveyor are described by Kelvin-Vogit model, and the dynamic model of the overall scraper conveyor system is established with distinct element method. Then, according to the coupling relationship between the permanent magnet direct-driven system and the scraper conveyor, the simulation model of the scraper conveyor is established by using MATLAB/Simulink module. The simulation results demonstrate that the permanent magnet direct-driven system can realise smooth starting of the scraper conveyor, and the random load and polygonal sprocket wheel can influence the stability of speed control system.
Introduction
The scraper conveyor is an important part of coal mining equipment, and its performance directly impacts the safely and efficiently of the whole mechanised working face (Wang, 2013) , it is shown in Figure 1 . Scraper conveyor will certainly face various working conditions, such as the rib spalling, abnormal load and chain blocked, these often lead to the frequent overload and unplanned downtime due to the spontaneous complete drive failure. Besides, the polygonal sprocket wheel fluctuates dramatically and bending of scraper chain will cause severe impact on the scraper conveyor during runtime (Sobota, 2013) . Thus, it can be seen that the scraper conveyor works in complex and poor working environment, and the traditional transmission mode adopting motor-reductor structure is easy to appear a lot of failure (Ma, 2010) . With the continuous development of field oriented control (FOC) and direct torque control (DTC), the permanent magnet synchronous motor (PMSM) is widely used in the traditional transmission system which using AC induction motor before, such as wind power generation (Shao et al., 2017) , equipment manufacturing (Nerg et al., 2014) , electric cars , marine propulsion (Bai et al., 2016) , and so on. The concept of 'permanent magnet direct-drive' has developed over several years in related industries, but it is a relatively new topic in coal mine production industry. Adopting PMSM direct drive the scraper conveyor, so that the reducer and soft start device can be eliminated and 'zero transmission' is realised. Therefore, the advanced transmission mode of scraper conveyor can effectively reducing fault rate and improving operating efficiency (Chen et al., 2014) . However, due to the complex and poor working environment, there is still a bottleneck for the application of PMSM in scraper conveyor. Because the PMSM is connected directly to the scraper conveyor, the load characteristics will affect the stability of the speed control of PMSM. Many scholars have proposed various methods to suppress the effects of load disturbance for the speed control of PMSM. A novel nonlinear speed control is proposed to improve the stability of the controller by uses sliding-mode control and disturbance compensation techniques (Sun et al., 2013) . A linear active disturbance rejection controller is applied for sensorless control of PMSM and the phase delay and speed chattering was obviously reduced (Du et al., 2016) . Sira-Ramírez et al. (2014) presented an active disturbance rejection control scheme for the angular velocity trajectory tracking task on a substantially perturbed and uncertain of PMSM. ZuritaBustamante et al. (2016) presented a rotor position sensorless control for the PMSM based on active disturbance rejection control technique which uses a generalised proportional integral observer (GPIO) for estimating and compensating the unknown uncertainties.
A review of these literatures can be found that the researches on the speed control of permanent magnet direct-driven system mainly focused on the active disturbance rejection control technique. To verify the effect of the active disturbance rejection controller, accurate simulation of the load characteristics of the permanent magnet direct-driven system is an important premise. Generally, the load characteristics are simulated by the random sequence or random function. However, the load distribution of the permanent magnet direct-driven system has the characteristics of unsteady, time-varying, strong coupling and high nonlinear, and it is difficult to simulate the load characteristics by the traditional methods. Therefore, a simulation method of the load characteristic needs to be proposed. The dynamic model of scraper conveyor reflects the relationship between the displacement, velocity and acceleration of the scraper chain and the dynamic load. So, the actual load curve of the permanent magnet direct-driven system can be simulated by the dynamic model of scraper conveyor.
This study aims to investigate the simulation method of the load characteristic of the permanent magnet directdriven system for mining scraper conveyor. The closed loop speed controller of permanent magnet direct-driven system is validated on the basis of the load characteristic which is got by the dynamic model of scraper conveyor. The paper is organised as follows: The design of speed controller for permanent magnet direct-driven system is explained in the following section. 'Dynamic equations of scraper conveyor' section presents the dynamic model of the scraper conveyor based on the Kelvin-Vogit model. Subsequently, the MATLAB/Simulink model of the system is established according to the coupling relationship between the permanent magnet direct-driven system and scraper conveyor in the section 'Electromechanical coupling modelling'. The simulation results of speed control of permanent magnet direct-driven system for mining scraper conveyor are given in the section 'Simulation and analysis of typical working condition'. A brief summary of the study is given in the last section.
2 Design of speed controller for permanent magnet direct-driven system
Mathematical model of the PMSM
The stator voltage equation of the PMSM in the synchronous rotating coordinate (d-q) is shown as follows (Ren et al., 2015) . ( )
where p n is the pole number of the PMSM. The mechanical motion equation of the motor is shown as follows.
where T L is the load torque, B is the viscous friction coefficient, ω m is the rotor mechanical speed and J is the rotational inertia, respectively.
Design of sliding mode speed controller
According to the requirements of the permanent magnet direct-driven system for mining scraper conveyor, a surfacemounted PMSM is selected as the driving motor. The mathematical model of the surface-mounted PMSM can be expressed as follows.
Based on rotor field orientation control, equation (4) is transform for the following form.
The state variables of the PMSM is defined as follows (Qi and Shi, 2013) .
where ω ref is the reference speed of the PMSM. Equation (5) is substituted into equation (6), the state variables of the PMSM can be rewritten as follows. 
where
The sliding surface s can be defined as follows.
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where λ is positive proportionality coefficient. The exponential reaching law function is shown as follows.
Taking the derivative of the sliding surface s and equation (9) are substituted into it, then equation (10) is obtained as follows.
The expression of the controller is shown as follows.
[ ]
Thus, the reference current of q axis is expressed as follows.
Dynamic equations of scraper conveyor
The chain characteristics of the scraper conveyor are described by the Kelvin-Vogit model, and the model is shown in Figure 2 . The tension can be expressed as the following form.
where k the stiffness coefficient of chain, c is viscous damping coefficient of chain. According to distinct element method, the chain of the scraper conveyor is divided into 2n discrete mass system and shown in Figure 3 .
The dynamic equation of the chain elements can be expressed as follows (He et al., 2012) .
( 1 4 ) where F i -1 is the tension of the i -1 th element, F i is the tension of the i th element, f i the frictional resistance of the i th element, m i is the lumped mass of the i th element, i x is the acceleration of the i th element. The resistances of scraper conveyor are changed with time, and they can be described by the following formula .
( 1 5 ) where f s is the static friction force of the chain elements, f d is the dynamic friction force of the chain elements. The movement forms of the head and tail element of the scraper conveyor are rotation indeed and the dynamic equations can be expressed as follows.
( 1 6 ) where T t is the drive torque of the head element, T w is the drive torque of the tail element, R t is the radius of sprocket wheel of the head element, R w is the radius of sprocket wheel of the tail element, m t is the mass of sprocket wheel of the head element, m w is the mass of sprocket wheel of the tail element, t θ is the angular acceleration of sprocket wheel of the head element, w θ is the angular acceleration of sprocket wheel of the head element.
Based on equation (14), equation (15) and equation (16), the dynamic equations of scraper conveyor can be obtained as follows . 2  1  2   2  2  2  2  3  2  2  3   1  2  1  2  2   2 2  2  2  1  2  2  1   2   1  2 w w w n w w n n w w n w n w w n n w w n w w n n n n n n n n n n w w n n w w n n n n n t n n t 
Equation (17) can be simplified as follows.
( 1 8 ) where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, G is the identity matrix, u is driving torque T and the resistance of the quality unit. Here, the state vector is defined as 2 [ , , , , ( 1 9 ) where
Electromechanical coupling modelling
The correlation between permanent magnet direct-driven system and scraper conveyor is the first premise and guarantee of building electromechanical coupling model. According to the equation (16), the load of permanent magnet direct-driven system can be expressed as follows.
( ) Then, the schematic block diagram of the electromechanical coupling model is shown as follows. The simulation parameters of the PMSM and scraper conveyor are shown in Table 1, Table 2 , respectively. Zhang et al. (2015) According to the schematic block diagram of the electromechanical coupling model, the whole simulation model of the mining scraper conveyor is established by MATLAB/Simulink and simulation parameters, and shown as follows.
Simulation and analysis of typical working condition

Normal starting condition
According to the chain velocity and the radius of polygonal sprocket wheel, the speed of motor is obtained and the value is 32 r/min. The simulation curves of the normal starting condition of the scraper conveyor are shown in Figure 6 . Figure 6 (a) is the load of unit length of the scraper conveyor, the scraper conveyor worked under the no load condition in the 0 to 3 s, and the scraper conveyor worked under the full load condition in the 3 to 6 s. Figure 6 (b) is the speed curve of the PMSM. By the sliding mode controller, the PMSM can attain to setting rotate speed in a short time and it can stabilise the rotating speed of the motor when the load is suddenly changed. Figure 6 (c) is the simulation curves of the load torque and electromagnetic torque, and they keep better consistency. 
Random load condition
In this paper, the random load of the scraper conveyor is described by the random function and described by equation
The simulation curves of random load condition of the scraper conveyor are shown in Figure 7 . Figure 7 (a) is the load of unit length of the scraper conveyor, the scraper conveyor worked under the no load condition in the 0 to 3 s, and the scraper conveyor worked under the random load condition in the 3 to 6 s which is in the range of 80%-100% full load. Figure 7(b) is the speed curve of the PMSM, it can be seen that the random load affects the stability of the speed control. Figure 7 (c) is the simulation curves of the load torque and electromagnetic torque, the change curve of load torque T L responds directly to the random load characteristics. Figure 7(d) is the three phase current of the PMSM, random load can lead to current fluctuations. Figure  7 (e) is the 3D plot of the chain velocity change of the scraper conveyor. Figure 7 (f) is the chain velocity of the scraper conveyor on the location of x = 50 m and x = 150 m, the chain velocity exists fluctuations due to the influence of the random load. Figure 7 (g) is the 3D plot of the chain tension change of the scraper conveyor. Figure 7 (h) is the chain tension of the scraper conveyor on the location of x = 50 m and x = 150 m, the chain tension also exists fluctuations due to the influence of the random load.
Influence of the polygonal sprocket wheel
The velocity analysis of sprocket wheel drive system is shown in Figure 8 , and the velocity and acceleration of sprocket wheel meshing with chain are expressed as follows (Mao, 2006) .
[ ] 
where R e is the pitch radius of sprocket wheel, Z is the number of teeth of sprocket wheel, θ (t) is the angle of sprocket wheel, ω (t) is the angular velocity of sprocket wheel, φ 0 is the initial angle, φ is the angle of tangent of mesh point and laying line of scraper conveyor, Int is a function which rounds to the nearest integer less than or equal to that element. 
The simulation curves of the influence of the polygonal sprocket wheel are shown in Figure 9 . Figure 9 (a) is the load of unit length of the scraper conveyor, the scraper conveyor worked under the no load condition in the 0 to 3 s, and the scraper conveyor worked under the full load condition in the 3 to 6 s. Figure 9 (b) is the speed curve of the PMSM, and it has an obvious characteristic of periodic changes due to the polygon effect of sprocket wheel. Figure 9 (c) is the simulation curves of the load torque and electromagnetic torque, the change curve of load torque T L responds directly to the characteristics of polygonal sprocket wheel. Figure 9(d) is the three phase current of the PMSM, polygonal sprocket wheel can lead to current fluctuations. Figure 9 (e) is the 3D plot of the chain velocity change of the scraper conveyor. Figure 9 (f) is the chain velocity of the scraper conveyor on the location of x = 50 m and x = 150 m, the chain velocity exists fluctuations due to the influence of the polygonal sprocket wheel. Figure 9 (g) is the 3D plot of the chain tension change of the scraper conveyor. Figure 9 (h) is the chain tension of the scraper conveyor on the location of x = 50 m and x = 150 m, the chain tension also exists fluctuations due to the influence of the polygonal sprocket wheel.
Conclusions
In this study, the speed control of the permanent magnet direct-driven system for mining scraper conveyor is analysed based on the load characteristic. The load characteristic of the permanent magnet direct-driven system is obtained by the dynamical model of scraper conveyor. The electromechanical coupling model between the permanent magnet direct-driven system and the scraper conveyor is established based on the mathematical model of the PMSM with the dynamical model of scraper conveyor.
Finally, the normal starting condition, random load condition and influence of the polygonal sprocket wheel of mining scraper conveyor are investigated through numerical simulations. The analysis of the normal starting condition shows that the sliding mode speed controller can realise the starting of the scraper conveyor, and it can stabilise the revolving speed of the PMSM when the load is suddenly changed. The analysis of the random load condition shows that the random load affects the stability of the speed control and the chain tension, and the change curve of load torque T L responds directly to the random load characteristics. The analysis of the influence of the polygonal sprocket wheel shows that the speed curve of the PMSM and the load torque curve T L have an obvious characteristic of periodic changes due to the polygon effect of sprocket wheel. At the same time, the velocity and tension of scraper chain exist fluctuations due to the influence of the polygonal sprocket wheel. The above conclusions can help to analyse the influence of different conditions on the permanent magnet direct-driven system, and serve as theoretical guideline for the design of the speed controller of the permanent magnet direct-driven system.
